Conventional photoacoustic microscopy (PAM) employs light pulses to produce a photoacoustic (PA) effect and detects the resulting acoustic waves using an ultrasound transducer acoustically coupled to the target tissue. The resolution of conventional PAM is limited by the sensitivity and bandwidth of the ultrasound transducer. We have investigated an all-optical, pump-probe method employing interferometric detection of the acoustic signals that overcomes limitations of conventional PAM. This method does not require contact with the specimen and provides superior resolution. A 532-nm pump laser with a pulse duration of 5 ns excited the PA effect in tissue. Resulting acoustic waves produced surface displacements that were sensed interferometrically with a GHz bandwidth using a 532-nm continuous-wave (CW) probe laser and a Michelson interferometer. The pump and probe beams were coaxially focused using a 50X objective giving a diffraction-limited spot size of 0.5 µm. The phase-encoded probe beam was demodulated using a homodyne interferometer. The detected time-domain signal was time reversed using k-space wave-propagation methods to produce a spatial distribution of PA sources in the target tissue. Performance was assessed using 3D images of fixed, ex vivo, retina specimens.
INTRODUCTION
Purely optical techniques, like optical microscopy, spectroscopy, diffuse tomography and fluorescence imaging, have unique potential as tools for tissue characterization [1] , site-specific measurement of optical properties [2] , in situ measurement of glucose, hemoglobin, and therapeutic agents [3] , and assessment of disease progression and therapeutic efficacy [4] . Conventional optical techniques rely on wavelength-specific interactions between light and tissue, with most optical methods involving detection of diffused light scattered by the tissue. In turbid media, such as biological tissue, optical scattering degrades light coherence and polarization when propagation distances exceed a few millimeters and consequently limits spatial resolution and sensing depth.
Photoacoustic microscopy (PAM) is a hybrid modality that combines optics and ultrasound (US) and is capable of providing fine-resolution images of soft tissues based on optical contrast. PAM relies on local absorption of a brief (∼ns) monochromatic light pulse that heats the medium; the resulting rapid thermoelastic expansion generates broadband US waves. These waves can then be detected to produce clinically useful images [5] . Because scattering does not dominate acoustic-wave propagation in tissue, PAM provides acoustical fine resolution and ample sensing depth as well as molecular and functional contrast afforded by optics.
Conventional PAM utilizes a pulsed-light source for generating the photoacoustic (PA) response, and an US transducer for detecting the resulting PA waves [6] . When the duration of the light pulse is less than the acoustictransit time through the absorptive medium, pulsed light generates an ultra-broadband PA signal. However, the PA axial and lateral resolutions are limited by the US transducer properties, such as its center frequency, bandwidth, and geometry. In addition, backward-mode detection (through the same surface as incident laser pulse) of PA waves using ultrasonic transducers often requires custom solutions for light delivery such as oblique illumination, fiber bundles, etc. [7] and a fluid coupling medium is essential for ultrasonic transduction.
PA-induced acoustic waves can propagate through a medium and produce displacements at surfaces. Optical interferometric detection of the PA-induced surface displacements is a viable alternative to transducer-based detection of PA waves. Many optical techniques using homodyne or heterodyne interferometry exist for detecting surface displacements [8] . In these techniques, displacement amplitudes are encoded as changes in the phase of the optical beam incident on the surface. Interference of the encoded beam with a reference optical beam having a fixed phase modulates optical intensity as a function of displacement. The optical intensity can be detected using a photodetector, thereby permitting measurement of surface displacement amplitudes.
In this paper, we describe a versatile all-optical PAM system for characterizing ex vivo and in vivo biological specimens. The ex vivo experiments were designed to illustrate the feasibility of vascular imaging of retinal tissue using all-optical PAM.
Methods and Materials
A schematic diagram of the all-optical PAM system is shown in Figure 1 . A frequency-doubled Nd:YAG (Neodymium-doped Yttrium Aluminum Garnet) pulsed laser operating at 532 nm was used as a pump source to excite PA effects in tissue. The laser produced 5-ns pulses at 10 Hz with a peak energy of 25 mJ/pulse. The pump light pulses were delivered to the sample using a liquid-filled light guide in forward-and backward-mode configurations. The sample was mounted on a three-axis, precision stage that allowed for 2D scanning, and imaging of the sample. The PA-induced surface motion of the sample was detected by a path-stabilized Michelson interferometer. The interferometer used a frequency-doubled Nd:YAG continuous-wave laser with a peak power of 300 mW operating at 532 nm as the detection, beam. The output of the laser was collimated and split into a signal i.e., probe beam and a reference beam. The probe beam was directed to a mirror and focused to a point on the sample by the 50X objective. The spot size of the probe beam on the sample surface was measured to be ~0.484 Pm at full width half maximum (FWHM). The probe beam was phase modulated by the motion of the sample surface and was reflected back to the beam splitter where it interfered with a reference beam that was reflected from a mirror mounted on a piezo stack. The interfering beams were directed to a high-speed photodetector with GHz bandwidth. The output of the photodetector was pre-amplified and directed to an oscilloscope that measured the time-domain signal with respect to a reference trigger provided from the pulsed pump laser.
The measured time-domain signal was the superposition of the PA signals originating from all locations within the sample that contained chromophores or optical absorbers excited at a particular optical wavelength (532 nm). The spatial distribution and relative concentration of various chromophores was inferred by employing time-reversal processing. The reconstructed time-domain signal provided the time of arrival of the photoacoustically generated acoustic waves over the tissue surface. By knowing the speed of sound in tissue, the acoustic signals were spatially resolved and back-projected to form a 2D and 3D maps of optical tissue properties. Many sophisticated algorithms, like the inverse spherical-Radon transform or Fourier reconstruction, are available to derive the distribution of optical absorbers [9] .
In this work, we used a k-space reconstruction method [10] to derive the tissue properties. This method solves the inverse problem of photoacoustics by using back-propagating algorithms to reconstruct the distribution of absorbed optical energy from the time-dependent PA signals. In most cases, this distribution depicts the local absorption coefficient at a particular optical wavelength and incident light distribution, which provides an indirect representation of the optical tissue properties. In order to map the true structure and physiology of tissue, quantitative absorption information, independent of the fluence and wavelength of the PA source, is required. The kspace reconstruction algorithm recovers this information by using an iteratively applied forward model of light transport.
Results
Experiments were performed using tissue-mimicking phantoms, fabricated using 0.8% Agarose gel. A sound speed of 1485 m/s was measured in this water-based agar phantom. Two 500-micron-wide graphite rods were embedded 8-9 mm from the top surface of the phantom (Figure 2(a) ). The graphite rods were perfect optical absorbers at 532 nm and mimicked blood vessels in the tissue. The surrounding agar gel was transparent to light at 532 nm. Because of this transparency, the pump-beam light was absorbed only by the graphite rods, which produced a PA effect. However, the transparency also posed a limitation with respect to collecting enough probe-beam light reflected from the phantom surface. To overcome this limitation, aluminum tape was placed on the top of the phantom (Fig. 2(b) ). The experiments were performed in a forward-mode configuration, as shown in Figure 2 (c). The incident pump-beam energy and spot size at the graphite rod was measured to be 10 mJ/pulse and ~ 4 mm FWHM, respectively. The probe beam was scanned across a graphite rod over a range of 3 mm (Fig. 2(b) ), in steps of 50 Pm. At each scan location, 500 measurements of the time-domain signal were averaged and recorded. Figure 3(a) shows a representative radio frequency (RF) line from the graphite rod as measured using our optical methods. The initial signal at 1 Ps arose from the aluminum tape as well as from some RF pickup noise from the pump laser. The signal from the graphite rod is apparent at ~ 5.7 Ps. A matrix of the measured RF lines was processed through the k-space reconstruction algorithm to yield a time-reversed, normalized, PA-reconstructed image of the phantom as shown in Figure 3(b) . Figure 3(c) shows a 0.65 threshold filtered image of the graphite rod. Taking cross-sectional slices of the graphite rod along the X and the Y axes yields an estimated FWHM size of ~ 275 Pm (Fig. 3(d) ) and 800 Pm (Fig. 3(e) ), respectively. The discrepancy in the actual size and the reconstructed size of the graphite rod arises from the fact that the experiment and reconstruction were performed in one dimension. To accurately reconstruct the object, a 3D tomography scan would be required. For the experimental conditions reported here, we measured a minimum detectable peak surface displacement of 0.19 pm.
Discussion
The feasibility of using an all-optical PAM system for characterizing biological specimens was demonstrated. The PAM system is non-contact and modular in design and has a GHz detection bandwidth with a minimum peak surface displacement sensitivity of 0.19 pm. A lateral resolution of ~ 0.48 Pm provided fine-resolution PA images of a graphite cylinder. The system is also capable of rapidly generating 2D PA maps at any depth (within the limits of optical penetration for PA excitation) relative to the interrogation surface.
Optical and acoustical attenuation in biological tissue are two high-impact factors that affect the implementation of an all-optical PAM in biomedical applications. While optical attenuation determines penetration and imaging depth in tissue, acoustical attenuation sets the requirements for the detection sensitivity. In particular, PA-induced surface displacements are very small; therefore, they impose stringent requirements on the detection system. Consequently, successful implementation of an all-optical PAM will depend on whether sufficient PA signal amplitude can be produced in the tissue at the required depth and on whether the system has the sensitivity needed to detect the small PA surface displacements. We believe the all-optical PAM system is well suited for assessment of retinal diseases and other near-surface biomedical applications such as skin burns and pressure or friction ulcers.
